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In this work, the site saturation mutagenesis of tyrosine 195, tyrosine 260 and glutamine 265 in the cyclodextrin glycosyltrans-
ferase (CGTase) from Paenibacillus macerans was conducted to improve the specificity of CGTase for maltodextrin, which can
be used as a cheap and easily soluble glycosyl donor for the synthesis of 2-O-p-glucopyranosyl-L-ascorbic acid (AA-2G). Specifi-
cally, the site-saturation mutagenesis of three sites—tyrosine 195, tyrosine 260, and glutamine 265—was performed, and it was
found that the resulting mutants (containing the mutations Y195S [tyrosine — serine], Y260R [tyrosine — arginine], and Q265K
[glutamine — lysine]) produced higher AA-2G yields than the wild type and the other mutant CGTases when maltodextrin was
used as the glycosyl donor. Furthermore, double and triple mutations were introduced, and four mutants (containing Y1955/
Y260R, Y1955/Q265K, Y260R/Q265K, and Y260R/Q265K/Y195S) were obtained and evaluated for the capacity to produce AA-
2G. The Y260R/Q265K/Y195S triple mutant produced the highest titer of AA-2G at 1.92 g/liter, which was 60% higher than that
(1.20 g/liter) produced by the wild-type CGTase. The kinetics analysis of AA-2G synthesis by the mutant CGTases confirmed the
enhanced maltodextrin specificity, and it was also found that compared with the wild-type CGTase, all seven mutants had lower
cyclization activities and higher hydrolysis and disproportionation activities. Finally, the mechanism responsible for the en-
hanced substrate specificity was explored by structure modeling, which indicated that the enhancement of maltodextrin specific-
ity may be related to the changes of hydrogen bonding interactions between the side chain of residue at the three positions (195,

260, and 265) and the substrate sugars. This work adds to our understanding of the synthesis of AA-2G and makes the Y260R/
Q265K/Y195S mutant a good starting point for further development by protein engineering.

Vitamin C (VQC), usually existing in its reduced form, L-ascorbic
acid (L-AA), is a well-known antioxidant used in various in-
dustries to maintain organoleptic quality and protect other com-
ponents from oxidation. It also plays vital roles in collagen forma-
tion, carnitine synthesis, iron absorption, and prevention of
chronic diseases (1-4). However, these applications are limited
due to the instability of VC in oxidative environments, especially
in the presence of heat, light, Cu®", and ascorbate oxidase (5-7).
Therefore, various VC derivatives have been synthesized to im-
prove its oxidative stability (8-10). Among all VC derivatives,
2-0-p-glucopyranosyl-L-ascorbic acid (AA-2G) is considered su-
perior, with its high degree of nonreducibility, excellent antioxi-
dant ability, and ready release of L-AA and glucose (7).

AA-2G is synthesized by enzymatic transglycosylation using
enzymes such as a-glucosidase (11), cyclodextrin glycosyltrans-
ferase (CGTase) (12-14), amylase (15), sucrose phosphorylase
(16), and a-isomaltosyl glucosaccharide-forming enzyme (K.
Mukai, K. Tsusaki, M. Kubota, S. Fukuda, and T. Miyake, Euro-
pean patent application 1553186). Among these enzymes, CGTase
is considered the most suitable for the production of AA-2G due
to its stability at high temperatures (17). AA-2G biosynthesis is
catalyzed by CGTase via transglycosylation by which a glycosyl
residue from a glycosyl donor is transferred to the C-2 position of
VC with an a-1,2-linkage. Many saccharides, but not glucose, can
be used as glycosyl donors (14). It has been demonstrated that «-
and B-cyclodextrins are the best glycosyl donors for AA-2G pro-
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duction (14, 17, 18). In our previous work, the CGTase from
Paenibacillus macerans was immobilized to produce AA-2G, and
the highest yield (about 21 g/liter) was achieved with B-cyclodex-
trin as a glycosyl donor (13). However, due to the high cost of
a-cyclodextrin and low solubility of B-cyclodextrin in aqueous
solution, both of them are unsuitable for large-scale production of
AA-2G (8). On the other hand, although the substrate specificity
of CGTase for maltodextrin is much lower than those of a- and
B-cyclodextrin (17, 18), maltodextrin has great potential in the
industrial production of AA-2G due to its low cost and high sol-
ubility in aqueous solution. To achieve this objective, the binding
specificity of CGTase for maltodextrin should be improved via
protein engineering strategies.

CGTase belongs to the a-amylase family (glycosyl hydrolase
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family 13) and can catalyze four reactions: cyclization, coupling,
disproportionation, and hydrolysis (19, 20). The crystal structure
of Bacillus circulans strain 251 CGTase in complex with y-cyclo-
dextrin reveals the specific differences between the binding mode
of linear and cyclic compounds (21). The hydrogen-bonding in-
teractions between the residues and the sugars at the +2 and +3
subsites were different between the two binding modes, indicating
that the amino acids around the +2 and +3 subsites played crucial
roles in binding with the linear and cyclodextrin compounds (21).
It was found that Tyr195, Phe259, and Glu264 (equivalent to
Tyr195, Tyr260, and GIn265 in the CGTase from Paenibacillus
macerans in this work) were very near the active sites and around
the +2 and +3 substrate binding sites (22), and they may play
crucial roles in substrate binding.

On the basis of the above structure analysis, in this work we
selected tyrosine 195, tyrosine 260, and glutamine 265 in the
CGTase from P. macerans as the site saturation mutagenesis sites
to improve the binding capacity of CGTase with maltodextrin.
Double and triple mutations were also constructed based on the
single-site mutagenesis results. The transformation conditions
(temperature and pH) were optimized to further improve the
yield of AA-2G. In addition, the reaction kinetics of the CGTase
mutants was investigated to confirm the enhanced maltodextrin
specificity, and the influence of mutation on the cyclization, dis-
proportionation, and hydrolysis activities of the CGTase was ex-
plored to clarify which reaction was mainly involved in AA-2G
synthesis. Finally, the mechanism responsible for the increased
maltodextrin specificity was unraveled at molecular level by mod-
eling the complex structure of CGTase-maltononaose.

MATERIALS AND METHODS

Bacterial strains, plasmids, and materials. P. macerans strain JFB05-01
(CCTCC M203062) was used as the source of genomic DNA. Escherichia
coli JM109 was used as the host for plasmid construction. E. coli
BL21(DE3) was used as the host for the expression of a-CGTase. The
pMD19-T vector used for cgt gene cloning was purchased from TaKaRa
(Dalian, China). The pET-20(+) vector was used for expression of o-
CGTase in E. coli BL21(DE3).

PrimeSTAR HS DNA polymerase, restriction endonucleases, PCR re-
agents, the genomic extraction kit, and the MutanBEST kit used for site-
directed mutagenesis were purchased from TaKaRa (Dalian, China).
DNA sequencing was performed by Sangon (Shanghai, China). AA-2G
was purchased from Wako Pure Chemical (Wako, Japan), and 1-AA was
purchased from Jiangshan Pharmaceutical (Jiangsu, China). Maltodex-
trin was purchased from Sangon (Shanghai, China). All other chemicals
and reagents were of analytical grade.

Construction of the recombinant plasmid cgt/pET-20b(+). The
genomic DNA of P. macerans strain JFB05-01 was extracted with a
genomic extraction kit and used as the DNA template for PCR. The prim-
ers were designed by Primer Premier 5 from the published cgt gene
(GenBank accession no. AF047363.1). The BamHI and Xhol restriction sites
(underlined) were introduced into the forward primer (5'-CGCGGATC
CGTCACCCGATACGAGCGTGGACA-3") and the reverse primer (5'-C
CGCTCGAGATTTTGCCAGTCCACCGTCACC-3'), respectively. The
gel-purified PCR product was digested with BamHI and Xhol and then
ligated into the similarly restriction-digested expression vector pET-
20b(+) to construct recombinant plasmid cgt/pET-20b(+ ), which con-
tained the pelB signal peptide upstream and six histidine codons down-
stream. The plasmid containing the correct insert was confirmed by DNA
sequencing and used for site-directed mutagenesis.

Site-directed mutagenesis. Site-directed mutagenesis was performed
with a MutanBEST kit. One-step PCR method was carried out by Prime-
STAR HS DNA polymerase using the plasmid cgt/pET-20b(+) as the
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template DNA. The following oligonucleotides were used to carry out site
saturation mutagenesis of Tyr260, GIn265, and Tyr195: 5'-GGGGAATG
GTATCTTGGCGCGG-3' (Tyr260 forward primer), 5'-GAACGTAAAT
ACCGGATGATCGCC-3' (Tyr260 reverse primer), 5'-CGCGGATCAAA
CCGACGGAGA-3' (GIn265 forward primer), 5'-CCAAGATACCATTC
CCCGAACG-3' (GIn265 reverse primer), 5'-TACAAGAACCTCTACGA
CCTGGC-3' (Tyr195 forward primer), and 5'-AATACCGTCTTCAATC
GTGGAAAAATC-3" (Tyr195 reverse primer). The underlined
nucleotides (corresponding to tyrosine 260, glutamine 265, and tyrosine
195) were replaced by the following amino acid codons: phenylalanine
(TTC), leucine (CGT), isoleucine (ATC), methionine (ATG), valine
(GTT), serine (TCT), proline (CCG), threonine (ACC), alanine (GCG),
tyrosine (TAC), histidine (CAC), glutamine (CAG), aspartic acid (AAC),
glutamic acid (GAA), cysteine (TGC), tryptophan (TGG), arginine
(CGT), glycine (GGT), asparagine (AAC), and lysine (AAA). For the con-
struction of double and triple mutants, the reaction product of the first
PCR mutagenesis was used as the template for the next PCR. Then, all of
the PCR products were treated with Blunting Kination Enzyme mix
(TaKaRa) and Ligation Solution I, ligated into circular plasmids, and then
transformed into E. coli J]M109. These plasmids were confirmed by DNA
sequencing and the correct ones were transformed into E. coli BL21(DE3)
for expression.

Preparation and purification of CGTase and its mutants. The mu-
tant CGTases were prepared according to what previously reported (23).
The recombinant E. coli BL21(DE3) were inoculated into 20 ml Luria-
Bertani (LB) medium containing 100 pg/ml ampicillin and grown at 37°C
overnight. Then the seed culture was inoculated into the flask with a ratio
of 4% (vol/vol) for fermentation. The fermentation medium (pH 7.0)
contained the following (g/liter): glucose, 8; lactose, 0.5; peptone 12; yeast
extract, 24; K,HPO,, 16.43; KH,PO,, 2.31; CaCl,, 0.28; glycerol, 4; ampi-
cillin, 0.1. The flask culture was incubated on a rotary shaker (200 rpm) at
25°C for 90 h. The expression of CGTases was induced with 0.01 mM
isopropyl-B-p-1-thiogalactopyranoside (IPTG) when the optical density
at 600 nm (ODyg,) reached 0.6. The broth was centrifuged at 10,000 Xg
and 4°C for 5 min, and then the supernatant was purified and used for the
subsequent transformation. The crude enzyme solution was purified on a
nickel-nitrilotriacetic acid (Ni-NTA) agarose column (Qiagen, Chats-
worth, CA) as described in the literature (24).

Biosynthesis and analysis of AA-2G. The purified wild-type and mu-
tant CGTases were diluted with acetic acid-sodium acetate buffer (pH 5.5)
to a protein concentration of 1 mg/ml and then were mixed with the
substrates (L-AA and maltodextrin), the final concentration of which was
5% (wt/vol). The mixture was incubated at 37°C for 24 h in the dark under
oxygen-free conditions. Glucoamylase (10 U/ml) was finally added to the
reaction mixture, which was incubated at 65°C and pH 5.5 for 24 h to
hydrolyze the reaction intermediate AA-2G,, (where n is the number of
glycosyl groups attached to L-AA) to AA-2G. AA-2G was analyzed using
the method described previously (14). On the basis of the initial reaction
conditions (temperature, 37°C; pH 5.5), the influences of reaction tem-
perature (20, 28, 36, 44, and 52°C) and pH (acetic acid-sodium acetate
buffer, pH 4.0,4.5, 5.0, 5.5, and 6.0; phosphate buffer, pH 6.0, 6.5, 7.0, and
8.0) on the biosynthesis of AA-2G by the wild-type and mutant CGTases
were also investigated.

The kinetic analysis of the wild-type and mutant CGTases for AA-2G
biosynthesis (using L-AA and maltodextrin as substrates) was performed
by measuring the amount of AA-2G with different concentrations of
maltodextrin (0.23, 0.46, 1.16, 2.3, 11.6, and 23.2 mM) while the concen-
tration of the other substrate, L-AA, was fixed (2.83, 5.67, 28.3, 56.7, and
141.5 mM), and the results were subjected to kinetic analysis using
SigmaPlot (Jandel Scientific). The following equations were used to fit the
experimental data to determine which kinetic mechanism applies to the
transglycosylation reactions catalyzed by CGTase.

The ping-pong mechanism is represented by equation 1:

V=V a- b)/([KmA : b] + [KmB . a] + [a . b])
The substrate inhibition mechanism is represented by equation 2:

aem.asm.org 673


http://www.ncbi.nlm.nih.gov/nuccore?term=AF047363.1
http://aem.asm.org

Han et al.

TABLE 1 Comparison of the reaction activities, AA-2G yields, and stability of the wild-type and seven mutant CGTases”

Relative activity (%)° t,), (h) at:

Cyclization Hydrolysis AA-2G yield
CGTase (a-cyclodextrin-forming activity) ~ (starch-degrading activity) ~ Disproportionation  (g/liter)* 40°C pH 5.5
Wild type 100 100 100 1.01 = 0.05 7.6 £04 29809
Y260R ND 226 * 10 138.0 = 1.0 1.44 = 0.03 80+08 293*0.7
Q265K 15+ 0.5 236 £ 6 130.7 £ 0.8 1.40 = 0.07 7807 336=*1.1
Y1958 ND 200 £ 8 102.6 = 0.5 1.23 = 0.04 8803 313038
Y260R/Q265K 8+0.7 213+ 8 129.2 = 0.8 1.55 = 0.05 85*0.6 302*09
Y260R/195S ND 492 =7 142.3 £ 0.8 1.57 £ 0.07 79*05 289*0.6
Q265K/Y195S ND 498 £ 9 140.1 £ 0.7 1.49 = 0.08 7.7 £0.7 304 £ 1.0
Y260R/Q265K/195S 12 £ 0.9 557 =5 148.0 = 0.6 1.59 = 0.05 79*04 31.7*0.5

@ Each value represents the mean of triple independent measurements, and the deviation from the mean was below 5%. t, ,, half-life.
> The cyclization, hydrolysis, and disproportionation reaction activities for wild-type CGTase was 165 * 5, 8.3 = 0.1, and 806 * 8 U/mg, respectively, and were defined as 100% for

the relative activity. ND, not detectable.
¢ Maltodextrin was the glycosyl donor.

V= (Viae-a-0)/([Kpp - a] + {[Kppa - 0] - [1 + b/Kg]} + [a-b])
where vis the reaction rate (the amount of AA-2G formed by 1 mg enzyme
per hour (mM - mg™' - h™'), V. is the maximal reaction rate (mM -
mg ' -h™ '), aand b are the donor (maltodextrin) and acceptor (L-AA)
concentrations (mM), respectively, K,,, and K,,;; are the affinity con-
stants for the substrates maltodextrin and L-AA, respectively, and K;; is
the inhibitor constant for the substrate L-AA.

The thermostability of the wild-type and mutant CGTases was deter-
mined by incubating the purified enzyme in acetic acid-sodium acetate
buffer (pH 5.5) at 40°C. At regular intervals of 2 h, samples were taken to
catalyze the formation of AA-2G. The half-life at pH 5.5 of the wild-type
and mutant CGTases was determined by incubating the purified enzyme
at 4°C. At regular intervals of 5 h, samples were taken to catalyze the
formation of AA-2G.

Analysis of CGTase activity. The a-cyclodextrin-forming activity was
determined using the methyl orange method described by Li et al. (23).
Namely, 0.1 ml of the purified wild-type or mutant CGTase diluted with
50 mM phosphate buffer to 1 mg/ml was added to 0.9 ml of 3% (wt/vol)
soluble starch in 50 mM phosphate buffer (pH 6.0). After incubation at
40°C for 10 min, the reaction was terminated by the addition of 1.0 M HCI
(1.0 ml). Finally, 1.0 ml of 0.1 mM methyl orange in 50 mM phosphate
buffer (pH 6.0) was added, and the absorbance at 505 nm was measured
after incubation at 16°C for 20 min. One unit of a-cyclodextrin-forming
activity was defined as the amount of enzyme that was able to produce 1
pmol of a-cyclodextrin per minute.

The hydrolyzing activity was analyzed by the starch-degrading method
(20). The purified CGTase (1 mg/ml) was incubated with 1% (wt/vol)
soluble starch solution in 50 mM phosphate buffer at pH 6.5 and 50°C for
10 min. One unit of hydrolyzing activity was defined as the amount of
enzyme producing 1 wmol of reducing sugar (determined by the 3,5-
dinitrosalicylic acid method) per minute.

The disproportionation activity was determined as described previ-
ously (20), and the reaction mixture contained 6 mM 4-nitrophenyl-a-p-
maltoheptaoside-4-6-O-ethylidene (EPS; Megazyme, County Wicklow,
Ireland) as a donor substrate, 10 mM maltose as an acceptor substrate,
and 1 mg/ml purified CGTase in 10 mM citrate buffer (pH 6.0). The
mixtures were incubated for at 50°C for 10 min. One unit of activity was
defined as the amount of enzyme converting 1 pmol of EPS per minute.

Protein concentrations were determined by the Bradford method with
a Bradford protein assay kit and bovine serum albumin as a standard
(Beyotime, Jiangsu, China).

Structure modeling of the wild-type and mutant CGTases. The ho-
mology models of the wild-type and mutant CGTases from P. macerans
were constructed using the crystallographic structure of B. circulans strain
251 CGTase (PDB accession code 1CXK) (22) as the template by the
program suite MODELLER 9v2 (25). The models had 67.9% identity with
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the template, and the sequence alignment showed only one gap, at posi-
tion 249. All graphical molecular representations were generated using
Accelrys Discovery Studio Client 2.5. Structural alignment was done ac-
cording to the combinatorial extension method by using the server http:
/lcl.sdsc.edu/ (26). The stereochemical quality of the model was examined
with PROCHECK (27), Verify3D (28), and ProQ (29), having 95% of the
residues in the most favored and 0.2% in disallowed regions. The root
mean square deviation (RMSD) between the template and model alpha
carbon backbones was calculated with the combinatorial extension
method (26). The overall structures of model and template were very
similar (RMSD of 0.5 A for 687 superimposed Cat). A maltononaose sub-
strate was transferred from the active site of PDB 1CXK CGTase to the
active site of the model. Finally, an energy minimization of the enzyme-
substrate interaction was carried out with the Amber-based energy mini-
mization method provided by the Accelrys Discovery Studio Client 2.5.

RESULTS AND DISCUSSION

Site-directed mutagenesis. All of the mutants were successfully
constructed by site-directed mutagenesis and verified by DNA
sequencing. When the wild-type and mutant CGTases were ex-
pressed in the host E. coli BL21(DE3), it was found that there was
no difference in the expression levels and molecular masses of the
enzymes (data not shown). The crude CGTase solution was puri-
fied by one-step nickel affinity chromatography on Ni-NTA resin.
After sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), it was found that there was no difference in the
molecular mass (about 75 kDa) between the wild-type and mutant
CGTases, and this result was similar to what was previously re-
ported (23).

Synthesis of AA-2G by the wild-type and mutant CGTases.
The yield of AA-2G produced by the wild-type CGTase with
maltodextrin as the glycosyl donor was 1.01 g/liter. The single-site
saturation mutagenesis results showed that the Y260R (tyrosine
— arginine), Q265K (glutamine — lysine), and Y195S (tyrosine
—> serine) mutants produced the highest AA-2G yields (1.44, 1.40,
and 1.23 g/liter, respectively) among all mutants. Based on this
result, the double and triple Y260R/Q265K, Y260R/195S, Q265K/
Y1958, and Y260R/Q265K/Y195S mutants were constructed. As
shown in Table 1, the AA-2G yields produced by the Y260R,
Q265K, Y1955, Y260R/Q265K, Y260R/195S, Q265K/Y195S, and
Y260R/Q265K/Y195S mutants were increased by 44, 40, 23, 55,
57, 49, and 59%, respectively, over that of the wild-type CGTase.

Influence of reaction temperature and pH on the enzymatic
synthesis of AA-2G. The optimal temperatures of the wild-type
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FIG 1 Influence of reaction pH on AA-2G synthesis by the wild-type and mutant CGTases with maltodextrin as the glycosyl donor. The pH 4.0 was 6.0 with acetic
acid-sodium acetate buffer and 6.0 to 8.0 with phosphate buffer. The maximal AA-2G yield for the wild type and each mutant CGTase was defined as 100%.

and mutant CGTases for AA-2G synthesis were 36°C, which was
the same as that for a-CGTase-catalyzed AA-2G synthesis with
B-cyclodextrin as the glycosyl donor (14) but different from that
of the recombinant a-CGTase for the cyclization activity (45°C)
(23). The AA-2G titer decreased significantly when the tempera-
ture was lower than 20°C, and more than 60% of the highest titer
was retained within the range from 28 to 52°C.

Figure 1 shows the influence of pH on AA-2G synthesis by the
wild-type and mutant CGTases. It could be seen that the optimal
pH of the Y260R, Q265K, Y195S, Y260R/Y195S, and Q265K/
Y195S mutants exhibited a shift to a certain extent compared to
that of the wild-type CGTase. The highest AA-2G yield was ob-
tained with the Y260R and Q265K mutants at pH 5.0, with the
Y195S and Y260R/Y195S mutants at pH 5.5, and with the Q265K/
Y195S mutant at pH 7.0. The optimal pH for the Y260R/Q265K
and Y260R/Q265K/Y195S mutants for AA-2G synthesis was 6.5,
which was the same as that of the wild-type CGTase. The previous

—a— Wild-type —0— Q265E/Y260R

. —®—Y260R —4—Y260R/Y195S
—A— Q265K —e— Q265K/Y195S
—¥— Y1958 —O— Y260R/Q265K/Y195S

AA-2G yield (g/L)

0 . , . . . : \
0 10 20 30

Time (h)

FIG 2 Time profiles of AA-2G synthesis by the wild-type and mutant CGTases
with L-AA and maltodextrin as the substrates.
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work indicated that the optimal pH of this recombinant «-
CGTase for cyclization and AA-2G biosynthesis with 3-cyclodex-
trin as the glycosyl donor was 5.5 (14, 23).

Figure 2 shows the time profiles of AA-2G synthesis by the
wild-type and mutant CGTases under the obtained optimal con-
ditions. At the initial stage of the reaction, the amount of AA-2G
increased dramatically. The Y260R mutant produced the highest
AA-2G titer of 1.75 g/liter at 16 h. The yields of AA-2G by the
Y260R/Q265K/Y195S, Q265K, Y260R/Q265K, and Q265K/Y195S
mutants were highest, i.e., 1.92, 1.70, 1.85 and 1.80 g/liter, respec-
tively, at 24 h. The yields of AA-2G produced by the wild-type,
Y260R/Y195S and Y195S were highest, i.e., 1.20, 1.88 and 1.48
g/liter, respectively, at 20 h. The AA-2G yield produced by Y260R/
Q265K/Y195S was 1.6-fold that produced by the wild-type
CGTase.

Influence of mutation on the reaction kinetics of CGTase.
The Lineweaver-Burk plots of the kinetics for the wild-type
CGTase and Y260R are shown in Fig. S1 in the supplemental ma-
terial. As shown in Fig. S1A, the parallel lines in the Lineweaver-
Burk plot for the wild-type CGTase indicate a normal ping-pong
type of kinetics, and the linear regression of the experimental data
corresponds well to the values calculated by equation 1. However,
for the Y260R mutant, the experimental data correspond well to
the values calculated by equation 2 (see Fig. S1B in the supplemen-
tal material), which represents a substrate inhibition mechanism,
indicating that too high a concentration of L-AA would inhibit the
CGTase activity for AA-2G synthesis. In addition, the experimen-
tal data obtained with the other mutant CGTases were also best
fitted by equation 2 (data not shown), and the detailed kinetic
parameters are listed in Table 2. The maximal reaction rate (V,,,)
of the mutant CGTases was higher than that of the wild-type CG-
Tase. Meanwhile, compared to the wild-type CGTase, the K, of
the Y260R, Q265K, Y195S, Y260R/Q265K, Y260R/195S, Q265K/
Y195S, and Y260R/Q265K/Y195S mutants with maltodextrin as
the substrate decreased by 20, 18, 3, 25, 26, 22, and 31%, respec-
tively, while the K, /K,,, increased by 53, 43, 15, 77, 89, 63, and
126%, respectively. The kinetics results indicate that the affinity
and catalytic efficiency of these mutants for maltodextrin in-
creased compared to those of the wild-type CGTase. However, the
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TABLE 2 Kinetic parameters of the wild-type and mutant CGTases”

Vinax K. K, (1-AA) K. /K,, (1-AA) K, (maltodextrin®) K.,/K,, (maltodextrin) K; (L-AA)
Enzyme (mM/mg/h) (h™h (mM) (mM~'h™") (mM) (mM~'h™") (mM)
Wild type 0.18 = 0.03 13.50 38.32 £ 0.12 0.35 0.64 = 0.03 21.09 ND
Y260R 0.22 = 0.05 16.50 43.44 £ 0.25 0.38 0.51 = 0.02 32.35 200
Q265K 0.21 £ 0.06 15.75 44.32 = 0.43 0.36 0.52 £ 0.04 30.28 196
Y1958 0.20 = 0.02 15.00 48.47 £ 0.38 0.31 0.62 = 0.05 24.19 320
Y260R/Q265K 0.24 = 0.03 18.00 44.52 * 0.64 0.40 0.48 = 0.07 37.50 221
Y260R/Y195S 0.25 £ 0.04 18.75 48.84 = 0.35 0.38 0.53 £ 0.05 35.38 402
Q265K/Y195S 0.23 £ 0.05 17.25 47.21 £ 0.52 0.36 0.50 = 0.02 34.5 286
Y260R/Q265K/Y195S 0.28 = 0.03 21.00 51.07 = 0.18 0.41 0.47 = 0.08 44.68 394

@ Each value represents the mean of three independent measurements, and the deviation from the mean was below 5%.

? The average molecular mass of maltodextrin was 2,150.68 Da.

K,,, values of the mutants for L.-AA were somewhat increased com-
pared to that of the wild-type CGTase, suggesting that the affinity
of the mutants for L-AA decreased. Meanwhile, the catalytic effi-
ciency of the mutants for L-AA slightly decreased, as indicated by
the lower K_,,/K,,(L-AA) values relative to the wild-type CGTase.
The inhibitor constant K;(L-AA) values indicated that the sub-
strate inhibition by L-AA was most pronounced for the mutant
Q265K, although this mutant did not show the highest affinity for
L-AA.

The influence of mutations on the cyclization, hydrolysis, and
disproportionation activities of the CGTase was investigated. As
shown in Table 1, the wild-type CGTase had a much higher rela-
tive cyclization (a-cyclodextrin-forming) activity than all the mu-
tants, and the Y260R, Y195S, Y260R/Y195S, and Q265K/Y195S
mutants nearly lost the ability to cyclize. Compared with the wild-
type CGTase, the Y260R, Q265K, Y260R/Q265K, Y260R/195S,
Q265K/Y195S, and Y260R/Q265K/Y195S mutants showed in-
creases in hydrolysis (starch-degrading) activity of 1.26-, 1.36-,
1.00-, 1.13-, 3.92-, 3.98-, and 4.57-fold, respectively. Except for
the Y195S mutant, which had the same disproportionation activ-
ity as the wild-type CGTase, the mutants (Y260R, Q265K, Y260R/
Q265K, Y260R/195S, Q265K/Y195S, and Y260R/Q265K/Y195S)
showed increases in disproportionation activity of 38, 30.7, 29.2,
42.3,40.1, and 48%, respectively. The change trend for the dispro-
portionation activity of the mutants was in accordance with the
increase in AA-2G yield, indicating that the disproportionation of
CGTase was the main reaction for AA-2G biosynthesis with linear
oligosaccharides as glycosyl donors.

Figure S2A to C in the supplemental material shows the re-
placement of tyrosine 260 and glutamine 265 by arginine and
lysine, respectively. There were great differences in side chain
length between the wild-type and mutant CGTases. Thus, the po-
sition of the hydrogen bond and polarity between the amino acid
residues at positions 260 and 265 and the substrate sugars might
be different for the Y260R and Q265K mutants. The possible in-
creased hydrogen bond might make the substrate or intermediate
more bent toward the 260 position, thereby blocking the forma-
tion of cyclodextrin from a linear substrate. This might explain
why the cyclization of the Y260R and Q264K mutants was sharply
reduced. Similarly, due to the possible presence of hydrogen-
bonding interactions, the affinity between the enzyme and the
linear substrate (such as maltodextrin) increased, and thus the
AA-2Gyield formed by the Y260R and Q265K mutants was higher
than that of the wild-type CGTase. The increases in K,,, and K_,,/
K([r],, verified this point. The Y260R/Q265K mutant produced
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more AA-2G because its ability to bind a linear substrate (such as
maltodextrin) was higher than that of the Y260R and Q265K mu-
tants. In addition, the introduction of hydrophilic residues near
the catalytic site would reduce the hydrophobic character of the
active site, which might favor the presence of water molecules,
which could react with the intermediate (30). Therefore, the hy-
drolyzing activities of the mutants (Y260R and Q265K) increased
significantly compared to that of the wild-type CGTase.

Figure S2D in the supplemental material shows a close-up view
of the Y195S mutant with the substrate maltononaose. When the
tyrosine at 195 is replaced by serine, two hydrogen-bonding inter-
actions with the sugar substrate might be removed due to the short
side chain. Therefore, this mutant could not form an inclusion
complex with a spiral substrate and hindered the formation of
a-cyclodextrin (31). Meanwhile, due to the possible decrease in
hydrogen bonding with the substrate sugars, the ability of the
mutant Y195S to bind cyclodextrin decreased, while the effect of
linear oligosaccharide was unapparent (31). However, when the
Ser195 participated in action with either Arg260 or Lys265 or both
of them, as shown in Fig. S3 in the supplemental material, the
removal of the hydrogen-bonding interactions between residue
195 and the substrate sugars resulted in a decrease in cyclodextrin
binding specificity (see Fig. S3B), and therefore, more linear sub-
strates were easily able to bind with Arg260 and Lys265 via hydro-
gen-bonding interactions (see Fig. S3A). This might explain why,
for the Y260R/Y195S, Q265K/Y195S, and Y260R/Q265K/Y195S
mutants, the substrate specificity for maltodextrin clearly in-
creased, although the affinity of the Y195S mutant for maltodex-
trin did not observably change (Table 2).

The thermal stabilities of the wild-type and mutant CGTases
are shown in Table 1. The half-life at 40°C of all the mutants was
almost the same as that of the wild-type CGTase, indicating that
the mutation did not affect the thermal stability of CGTase signif-
icantly. Table 1 also shows that the half-lives of the wild-type and
mutant CGTases at pH 5.5 were about 30 h, suggesting that these
enzymes had a strong acid resistance, which favored AA-2G bio-
synthesis, because L-AA is easily oxidized in neutral and alkaline
environments (7).

In summary, seven CGTase mutants with enhanced maltodex-
trin specificity were obtained by site-saturation mutagenesis strat-
egies, and the AA-2G yield was significantly improved when these
mutant CGTases were used as biocatalysts. The enhanced speci-
ficity for maltodextrin was confirmed by reactions kinetics, and
the inherent mechanism was revealed by structure modeling. The
results produced a deeper understanding of the interaction of +2
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and +3 subsites of CGTase with the linear sugars. It should be
noted that the AA-2G yield produced with maltodextrin as the
glycosyl donor was much lower than that with a- and 8-cyclodex-
trins as the glycosyl donors (14), and much work, including the
systems engineering of the other substrate binding sites of
CGTase, enzyme immobilization, and transformation optimiza-
tion, should be conducted to further improve the AA-2G yield.
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